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A B S T R A C T
Ceramic-metal (CaO·Al2O3–Al and CaO·Al2O3–Ag) compounds were prepared by mechanical milling and con-
solidated through an in-situ sintering process. The aim of this work is to study the effects of the Al and Ag
particles to ceramic-base compound, primarily in the microstructure, and its mechanical and antimicrobial
properties. Chemical systems with a 1:1M ratio between CaCO3 and Al2O3 powder were formed, with the ad-
dition of 10 wt% Al or 10 wt% Ag, respectively. The compound material that consolidated were micro-
structurally characterized through X-ray diffraction, scanning electron microscopy, optic microscopy, and X-ray
computed tomography. In addition, the hardness, the fracture toughness, the transversal elastic modulus, and
the antimicrobial property were evaluated. The results of X-ray diffraction identified the formation of the cal-
cium aluminate phases, such as CaO·6Al2O3 (hibonite:CA6), CaO·2Al2O3 (grossite:CA2), and CaO·Al2O3
(krotite:CA); as well as Al and Ag were identified in its respective system. In addition, the mechanical properties
show changes compared to the reference material that was synthesized under the same conditions and, finally,
these materials also have an antimicrobial effect, against the Staphylococcus bacterium that is common in the oral
cavity, when studied in synthetic saliva.
1. Introduction
The ceramics nowadays have many industrial applications; for ex-
ample, in the aeronautic industry, naval industry, military industry,
sports industry, automotive industry, medical industry, and others. In
especially the calcium aluminate CaO·Al2O3 is a ceramic material with a
considerable importance due to its several applications, such as a re-
fractory material (Miranda Hernández et al., 2018), concrete-based
calcium aluminate cement (Scrivener et al., 1999), catalyst (Zabeti
et al., 2009), and metallurgical processes (Jiangling et al., 2015; Jifang
et al., 2012, 2016). Also, this material has been studied for biomedical
applications (Regina de Oliveira et al., 2015), such as in odontology
(Leal Silva et al., 2014; Engqvist et al., 2004; Parreira et al., 2016; Loof
et al., 2003; Oliveira et al., 2010; Andrade et al., 2014), bone re-
placement (Uchida et al., 1984) and bone-graft applications (Kalita
et al., 2002; Hulbert et al., 1970). As well, calcium aluminate has been
the focus of several studies about of the synthesis processes, such as the
sol-gel method (Aitasalo et al., 2002), solid state reaction (Miranda
Hernández et al., 2018; Aitasalo et al., 2002; Yongpan et al., 2016),
sintering (Miranda Hernández et al., 2018; Iftekhar et al., 2008; Rivas
et al., 2005), mechanochemical synthesis (Wieczorek-Ciurowa et al.,
2010), and the sonochemical process (Lourençoa et al., 2013). Calcium
aluminate is synthesized principally from the CaO and Al2O3 (Andrade
et al., 2014; Yongpan et al., 2016; Iftekhar et al., 2008; Rivas et al.,
2005; Wieczorek-Ciurowa et al., 2010; Lourençoa et al., 2013; Zawrah
and Khalil, 2007), but in some cases, the CaO is obtained through the
thermic effect from CaCO3 (Miranda Hernández et al., 2018; Andrade
et al., 2014; Iftekhar et al., 2008; Rivas et al., 2005; Galan et al., 2013).
Also, CaCO3 can be obtained from natural sources such as snail shells,
egg shells or clam shells (Miranda Hernández et al., 2018; Singh and
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Purohit, 2010; Viriya et al., 1016; Ligaszewski et al., 2009; White et al.,
2007; Marxen et al., 2003; Niju et al., 2016). Microstructure and me-
chanical properties of the calcium aluminate CaO·Al2O3 were studied in
our previous work. Considering the temperature effect during the
synthesis process (Miranda Hernández et al., 2018), it was found that
the calcium aluminate material synthesized by an in-situ solid state
reaction between Al2O3 and CaCO3 obtained from snail shells is fea-
sible, but the results show that this material is brittle. However, there
are several investigations showing that the incorporation of metallic or
ceramic particles into the matrix of the ceramic materials modified
their physical properties and mechanical properties, such as hardness,
fracture toughness, elastic modulus, and fatigue strength (Naga et al.,
2019; Tahaa et al., 2017; Granados et al., 2017; José et al., 2016;
Sergejev and Antonov, 2006; Moradkhani et al., 2013; Pramanick,
2015; González-Morán et al., 2017; Shukla et al., 2010; Dapievea et al.,
2018). In other works, the effect of silver particles with calcium alu-
minate was studied and it was found that with silver particles, calcium
aluminate has favorable conditions as an endodontic sealer, that pre-
sents improved antibiofilm properties with a positive effect on anti-
microbial behavior (Almeida et al., 2018). Also, there are studies that
show that the calcium aluminate cement is a material with suitable
biological and physicochemical properties as endodontic material due
to the suitable cytotoxicity, physicochemical properties and the anti-
microbial capability (Leal Silva et al., 2014; Andrade et al., 2014).
Therefore, this study has the purpose to establish a direct fabrica-
tion route of ceramic compounds with the addition of metallic particles
by an in-situ process. The synthesis of this material considers the ob-
taining of CaCO3 from snail shells as a source of CaO to get calcium
aluminates (Miranda Hernández et al., 2018; Aitasalo et al., 2002;
Galan et al., 2013; Singh and Purohit, 2010; Viriya et al., 1016). On the
other hand, the selection of Al and Ag as reinforcement metals in the
ceramic matrix has two intentions; the first, it is to study the effect of
the metallic particles on the microstructure and its mechanical prop-
erties, such as hardness, fracture toughness, and shear modulus con-
sidering that Al and Ag are ductile and malleable metals; the second, is
a study of the biological behavior considering some medical application
principally as dentistry material (Regina de Oliveira et al., 2015; Leal
Silva et al., 2014; Engqvist et al., 2004; Oliveira et al., 2010; Andrade
et al., 2014; Aguilar et al., 2012).
2. Material and methods
2.1. Synthesis process
The raw material used for the synthesis of the ceramic compound
were α-Al2O3 powder (≥98% purity, ˂ 100 mesh, Aldrich), Al powder
(≥99% purity, ˂ 200 mesh, Aldrich), Ag powder (≥99% purity, ˂ 200
mesh, Aldrich), and CaCO3 (˂100 mesh) from the snail shells (Miranda
Hernández et al., 2018). With a 1:1M relation between Al2O3 and
CaCO3 powder, three chemical systems were formed: Al2O3/49.54 wt%
CaCO3, Al2O3/49.54 wt% CaCO3 + 10 wt% Al, and Al2O3/49.54 wt%
CaCO3 + 10 wt% Ag. The powder mixtures were submitted through a
mix-milling process (Fritsch, Pulverisette 6) for 4 h and 200 rpm with a
1:10 ratio of balls-milling into a container of the agate. The powder
mixtures then were compacted into cylindrical samples using a uniaxial
load of 300 MPa at room temperature and these compacted materials
were sintered in an electrical furnace (Nabertherm, LHT 02/18) in an
argon atmosphere. The compacted materials were submitted through a
sintering process with a heating rate of 10 °C/min considering that the
temperature was elevated at 400 °C, then, increased to 800 °C and
1200 °C (each step was stabilized for 20 min). Finally, the samples were
kept at 1500 °C for 60 min.
2.2. Microstructural characterization
The microstructure was observed through an optical microscope
(Olympus, GX51), scanning electron microscope (JEOL, JSM6300)
equipped with an energy-dispersive X-ray spectrometer (EDX) and X-
ray computed tomography (Industrial X-ray equipment, XTH225). The
structural analysis was carried out by X-Ray diffraction (XRD)
(Panalytical, X'PertPRO) with Cu radiation (λCu=1.54056 Å) oper-
ating at 40 KV and 40mA and a range of 2 theta of 15–100 grades with
a step of 0.02 grades.
2.3. Physics and mechanical properties
The bulk density and the porosity were determined by the
Archimedes’ method (ASTM: B962-13). Likewise, the mechanical
properties such as hardness and fracture toughness (KIC) were de-
termined using the Vickers Indentation technique (Emco-Test,
DuraScan 20) (Miranda Hernández et al., 2018; Tahaa et al., 2017) and
the transversal elastic modulus (shear modulus) was determined by an
ultrasonic method (Phase II Machine & Tool, UTG-2800) (Miranda
Hernández et al., 2018; Gondard et al., 1998), according to relation
G= ρɛ2, where G is the shear modulus, ρ is the bulk density, and ɛ is the
transversal sound velocity measured in the synthesized materials.
2.4. Microbiological analysis
The materials synthesized were submitted to an antimicrobial sen-
sitivity test against the bacterium Staphylococcus sp., common in the
oral cavity (Leal Silva et al., 2014; Friedlander, 2010; Smith et al.,
2001; Tsang et al., 2002). From a fresh culture of Staphylococcus,
120ml of a liquid suspension was prepared in synthetic saliva B broth
(NaCl: 6 g/l, KCl: 0.3 g/l, CaCl2: 0.2 g/l, lactic acid: 3.1 g/l, Na2SO3:
0.1 g/l, thioglycolic acid: 0.5 g/l, yeast extract: 0.5 g/l and glucose: 1 g/
l, pH≈ 6.5) with an DO600≈ 0.1 (≈108 UFC ml−1). The samples were
sterilized in UV for 30min, then were submerged and suspended in the
culture for 48 h of incubation at 28 ± 2 °C under sterile conditions.
Afterwards, one side of the sample with the biofilm was left attached
and the other half was cleaned with a sterile swab. The samples were
fixed in 2.5% glutaraldehyde, dehydrated in increasing concentrations
of ethanol, dried by critical point and metalized for observation by
scanning electron microscopy (FEI, Quanta 200).
3. Results and discussion
3.1. Synthesis
CaCO3 used as raw material in the synthesis process obtained from
snail shells was analyzed by DRX analysis, the results identified that this
material is CaCO3 in the aragonite and calcite phases. The obtaining
process and analysis of this material were reported by us in a previous
investigation (Miranda Hernández et al., 2018). The chemical systems
previously formed were compacted in cylindrical samples and then
were sintered. After the sintering process, the samples showed an im-
portant change in the mass, as is reported in Table 1.
The mass loss is due to the chemical decomposition of the CaCO3 to
CaO and CO2 by temperature effect during the sintering process
(635–865 °C) (Miranda Hernández et al., 2018; Yongpan et al., 2016;
Iftekhar et al., 2008; Rivas et al., 2005; Galan et al., 2013), according to
Eq. (1).
Table 1
Average mass of the materials before and after sintering process.
Material Al2O3 + CaCO3 (Al2O3/CaCO3) + Al (Al2O3/CaCO3) + Ag
Initial mass
(g)
2.479 (2.223) + 0.247 (2.243) + 0.249
Final mass (g) 1.779 (1.617) + 0.247 (1.626) + 0.249
Mass loss (g) 0.700 (∼28.2%) 0.606 (∼27.3%) 0.617 (∼27.5%)
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+ → + + ↑Al O CaCO Δ Al O CaO CO2 3 3 2 3 2 (1)
Also, during the sintering process, when the temperature continued
to increase up 1500 °C and just after the decomposition of the calcium
carbonate, a continued in-situ solid state reaction occurred between
Al2O3 and CaO for the formation of the calcium aluminate, according to
Eq. (2) (Miranda Hernández et al., 2018; Yongpan et al., 2016; Iftekhar
et al., 2008; Rivas et al., 2005; Galan et al., 2013).
+ →Al O CaO Δ CaAl O2 3 2 4 (2)
In the cases of the chemical compositions with the metallic particles
according to Eq. (3) and Eq. (4), only the Al2O3 and CaO have a che-
mical reaction forming a ceramic-metal compound as calcium alumi-
nate-Al and calcium aluminate-Ag.
+ + → +Al O CaCO Ag Δ CaAl O Al2 3 3 2 4 (3)
+ + → +Al O CaCO Ag Δ CaAl O Ag2 3 3 2 4 (4)
On the other hand, the synthesis of these materials is based on the
experimental chemical reactions previously described and reported in
other works (Miranda Hernández et al., 2018; Yongpan et al., 2016;
Iftekhar et al., 2008; Rivas et al., 2005; Galan et al., 2013). Due to that,
the thermic analysis was not considered in this work. But, the synthesis
of the calcium aluminate material and calcium aluminate - metal
compounds by XRD and EDS analysis were confirmed.
3.2. X-ray diffraction analysis
The mass loss in the chemical systems during the sintering process is
the evidence of the decomposition of CaCO3 to CaO for its posterior
reaction with Al2O3 for the formation of calcium aluminate. Namely,
the XRD analysis shows the absence of Al2O3 and CaO that confirm the
total reaction between Al2O3 and CaO during the sintering process, as is
shown in Fig. 1. In particular, the XRD patterns of Fig. 1 (a) several
phases were identified corresponding to calcium aluminates, such as
CaO·2Al2O3 (CA2: Calcium di-aluminate: Grossite), CaO·Al2O3 (CA:
Calcium mono-aluminate: Krotite), and CaO·6Al2O3 (CA6: Calcium
hexa-aluminate: Hibonite). However, the formation of several phases of
calcium aluminates is due to the fact that the initial chemical compo-
nents donot have a uniform distribution during the mix-milling process,
and considering that the time spent in this process is little (4 h) that
causes rich zones of Al2O3 in the compacted materials. For example, the
CA6 phase formed during the sintering process is due to the presence of
rich zones of Al2O3 in the system or punctual zones with the least
amount of CaO, that favors the formation of this phase during the
sintering process according to Eq. (5) (Miranda Hernández et al., 2018;
Yongpan et al., 2016; Iftekhar et al., 2008; Miskufova et al., 2015).
Fig. 1. XRD pattern of samples sintered with and without metallic particles.
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+ →6Al O CaO Δ CaAl O2 3 12 19 (5)
Therefore, taking up again thermodynamic data reported by some
authors (Miskufova et al., 2015; Rivas et al., 2005; Eliezer et al., 1981),
the first phase formed during the sintering process must be the hibonite
phase (CA6), which is richer in Al2O3 content; after this, grossite (CA2),
and krotite (CA) are formed (Miranda Hernández et al., 2018; Yongpan
et al., 2016; Iftekhar et al., 2008; Rivas et al., 2005). While, according
to DRX analysis, the CA6 phase was only identified in the materials
synthesized without metallic particles (see Fig. 1), although the XRD
analysis also identified Al and Ag respectively.
3.3. Microstructure
Fig. 2 (a) shows the backscattered electron image. Based on an
elemental profile it is possible to identify the variation of the con-
centration of Al and Ca in a zone with different contrast. With the
combination of the XRD analysis and elemental profile by EDS, it is
possible to affirm that the clear, medium, and darker gray zones cor-
respond to CA6, CA2, and CA phases respectively. Fig. 2 (b) and (c) of
the material synthesized with Al and Ag additions only exhibits the
phases identified as CA2 and CA, meanwhile, the CA6 phase was not
found in these materials.
The sintered samples were also analyzed through optic microscopy;
these microstructures are shown in Fig. 3. The microstructure corre-
sponding to pure calcium aluminate (see Fig. 3 (a) and (b)), presents
only one phase corresponding to the matrix of the ceramic material and
also its porosity. Fig. 3 (c) and (d) show the microstructure of the cal-
cium aluminate with Al. In this microstructure, the matrix material is
notable as well as the presence of the Al metallic particles. In a similar
analysis, Fig. 3 (e) and (f) show the matrix of the ceramic material and
the Ag particles added in the system during the synthesis process.
The porosity of these materials has a peculiar behavior, since the
porosity in the pure material is similar to that of the ceramic com-
pounds with Al and Ag. It should be noted that the porosity of this
material is not homogeneous considering that pores of irregular shapes
are observed, others with hemispherical shape or long pores (cavities)
in the case of material with Ag (Fig. 3)“. The formation of the porosity is
a peculiar characteristic of this manufacturing process and it is also the
consider that during the sintering process the CaCO3 is decomposed to
CaO and CO2 (gas), where the gas is liberated from the system which
results in the production of pores during the liberation.
On the other hand, the distribution of metallic particles in the ma-
trix of the ceramic material is an important characteristic to consider.
Due to this fact, the metallic particles have an effect in the physics and
mechanical properties. Taking this consideration, the calcium alumi-
nate material with Ag was submitted to X-ray computed tomography, as
is shown in Fig. 4. In this figure, it is notable that the Ag particles are
distributed in the ceramic material on the transversal and longitudinal
profiles, respectively. Due to that the software of the XRD-CT equip-
ment eliminating the ceramic phase, the right image only shows the
distribution of the metallic particles in the system.
Considering that the sintering process was carried out in the pre-
sence of a one liquid phase and the effect of the diffusion phenomena,
the metallic particles are distributed and agglomerated in all ceramic
material caused by the temperature used in the sintering process. For
this to happen, the metallic particles begin and begin well distributed in
the matrix of the ceramic material, but when the metallic particles are
Fig. 2. Backscattered electron image.
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Fig. 3. Microstructures by optic microscopy of the sintered materials without metallic particles and with metallic particles.
Fig. 4. X-ray CT of sintered calcium aluminate sample with Ag.
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agglomerated, the particles increase in size and take a different form.
Namely, the initial size of the Ag particles was of the order of< 74 μm
(<200 mesh) on average and after the sintering process, the particles
sizes increased to a size bigger than 75 μm, as is shown in Fig. 5. Finally,
in the images of Figs. 2, 3 and 5, it is possible to observe that the size of
silver particles is of the order between a 1 μm and may be to 250 μm.
3.4. Physics properties
The physics properties of the materials manufactured are reported
in Table 2. These values indicate a bulk density of 2.88 g/cm3 (94.1
densification %) for pure calcium aluminate, 2.98 g/cm3 (93.9 densi-
fication %), and 3.66 g/cm3 (92.7 densification %) for the compound
materials with Al and Ag, respectively. The reason why the density
increases is due to the incorporation of a material with major density in
the ceramic system as Al (2.7 g/cm3) and Ag (10.49 g/cm3). However,
at the same time, the densification percent has a diminution that is
related with the increases of the apparent porosity percent in the
ceramic materials without and with metals, respectively, the apparent
porosity percent values are reported in Table 2. In another work, it was
found inverse comportment. Namely, while the densification percent
increases, the apparent porosity decreases (Tahaa et al., 2017). A pos-
sible reason that the compound material with Ag has a minor densifi-
cation percent and major apparent porosity may be due to the shape of
the pores, considering that there is a presence of long pores (see Fig. 3
(e)). On the other hand, the densification percent and porosity are also
related with the changes in the volumetric shrinkage (see Table 2). As
expected, the volumetric shrinkage of the calcium aluminate is 49.5%,
which is higher than 47.9% and 46.7% determined for the materials
with Al and Ag, respectively.
3.5. Mechanical properties
The physics comportment has an effect in the mechanical proper-
ties, such as hardness, fracture toughness (KIC), and shear modulus. The
average values of the mechanical properties are reported in Table 3. It
was found that the materials synthesized without metallic particles and
with metallic particles as Al and Ag have hardness values of
8.4 ± 0.2 GPa, 11.4 ± 0.5 GPa and 9.3 ± 0.3 GPa, respectively. In
comparison to pure calcium aluminate material, the increases in the
compounds’ hardness are attributed to the presence of metallic particles
that it has as a reinforcement function in the ceramic matrix, but it is
also related to the behavior of bulk density. In other investigations, it
was found a similar behavior when a ceramic material is reinforced
with a secondary phase (Naga et al., 2019; Tahaa et al., 2017).
The fracture toughness was determined using some theoretical and
empirical mathematical models proposed by Lawn-Evans-Marshall
(Lawn et al., 1980), Lawn-Fuller (Lawn and R Fuller, 1975), Evans-
Charles (Evans and Charles, 1976), Anstis-Chantikul-Lawn-Marshall
(Anstis et al., 1981), Japanese International Standard (JIS) (JSA - JIS R
1607, 1990), and Niihara-Morena-Hasselman (Niihara et al., 1982). The
values determined by each mathematical model in each material have a
similar tendency as is shown in Fig. 6. The values reported in Table 3
are the average values of the fracture toughness of the materials de-
termined by each mathematical model. Namely, the calcium aluminate
synthesized with metallic particles such as Al and Ag has average values
of 1.72 ± 0.28MPam1/2 and 1.26 ± 0.19MPam1/2, respectively.
These values are higher than 0.43 ± 0.07MPam1/2 of the calcium
aluminate without metallic particles. As it is known, if the fracture
toughness value is low in the materials, then the material is susceptible
to mechanical flaws due to its fragility. In consideration, when the
metallic particles such as Al and Ag melt during the sintering process,
the metallic particles are agglomerated and distributed in the matrix of
the ceramic material. Therefore, this is the reason why the fracture
toughness increases in comparison with the pure calcium aluminate,
that is, the presence of metallic particles in the ceramic matrix limits
the propagation of cracks. Thus, the increase in metallic inclusions af-
fects the crack propagation path due to there existing a high probability
to collide with any Al or Ag particle that acts as barriers and promotes
the crack to stop (Tahaa et al., 2017). The cracks can have a loss of
energy that prevents its growth because the metal particle absorbs this
energy, forcing the cracks to move around the inclusions, increasing the
fracture toughness (Naga et al., 2019; Tahaa et al., 2017; José et al.,
2016).
Fig. 5. X-ray CT of sintered calcium aluminate material with Ag.
Table 2
Physics properties of compound materials.
Properties Calcium Aluminates
Without Metals With Al With Ag
Bulk density (g/cm3) 2.88 2.98 3.66
Densification (%) 94.1 93.9 92.7
Apparent (open) porosity (%) ∼3.0 ∼3.1 ∼3.4
Volumetric shrinkage (%) 49.5 47.9 46.7
Table 3
Mechanical properties of compound materials.
Properties Calcium Aluminates
Without Metal With Al With Al
Hardness (GPa) 8.4 ± 0.2 11.4 ± 0.5 9.3 ± 0.3
Fracture toughness (Kic/MPa·m1/
2)
0.43 ± 0.07 1.72 ± 0.28 1.26 ± 0.19
Shear modulus (GPa) 55 ± 2 64 ± 1 69 ± 1
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Finally, the shear modulus or transversal elastic modulus de-
termined in the synthesized materials are 55 ± 2GPa, 64 ± 1GPa
and 69 ± 1GPa for pure calcium aluminate, calcium aluminate-Al and
calcium aluminate-Ag, respectively (see Table 3). Naturally, the inclu-
sions of the metallic particles into the ceramic matrix has effect in this
elastic property due to that these particles are of softer characteristics
compared with based material (Tahaa et al., 2017), although is ex-
pected that, if the shear modulus decreases, the fracture toughness in-
crease. This behavior is observed in the material compounds with Al
and Ag, respectively, that is, the shear modulus for the calcium alu-
minate-Al compound is 64 ± 1GPa lower than 69 ± 1GPa of the
calcium aluminate-Ag compound, but the fracture toughness in the
calcium aluminate-Al is major than calcium aluminate-Ag. This beha-
vior was observed in another study (Tahaa et al., 2017).
3.6. Antimicrobial analysis
The SEM microstructures, EDS analysis, and the metallization pro-
cess were determined before of antimicrobial test, against the bac-
terium Staphylococcus sp. Fig. 7 shows the microstructural morphology
and EDS analysis confirm the presence of the Al and Ag elements in the
ceramic matrix (see Fig. 7 (b) and (c)). In addition, observe that bac-
terial growth is not notable on the surface of all materials according to
the microstructures image.
Also, the drop contact angle on the surface of the synthesized ma-
terials was determined, as shown in Fig. 8. The information of this value
is important because it is known that the drop contact angle on the
surface of the materials has a relation with the hydrophilicity, and it is a
factor that influences the bacterial adherence. In these surfaces, the
values of the drop contact angle in all materials are< 90°, the hydro-
philicity does not have the influence on the bacterial adherence, con-
sidering that this physicochemical property is important in the bio-
compatibility of the materials.
As mentioned, Staphylococcus is a microorganism whose presence
has been reported in the oral cavity (Leal Silva et al., 2014; Friedlander,
2010; Smith et al., 2001; Tsang et al., 2002). To analyze the biocidal
characteristic of the materials under study, after 48 h of immersion in
the culture medium with Staphylococcus sp, the samples were observed
by SEM.
After the antimicrobial sensitivity test, it is possible to observe that
the biofilm formed on the surface of all materials, as shown in
Fig. 9(d–f), compared to the reference samples before the antimicrobial
test (Figs. (a–c)). In Fig. 9 (d), it is notable that the pure calcium alu-
minate has a greater development of extracellular polymeric material
(EPM). Conversely, the calcium aluminate-Ag material has an im-
portant decrease of the presence and bacterial adherence. This decrease
could be attributed to the Ag, knowing that Ag has antifungal proper-
ties. Other researchers have also found that the presence of Ag in a
calcium aluminate sealer have a bacterial biofilm inhibition compared
to the same material without Ag particles (Almeida et al., 2018). In the
case of the material calcium aluminate with Al, there is a bacterial
adherence on the surface, but the adherence is less than pure calcium
aluminate (Fig. 9 (e)).
The other side of the sample was cleaned with a sterile swab and
was also metalized for its observation with the aim to analyze the
possible deterioration caused by the microorganisms, as shown in
Fig. 10. According to the time test, it is not possible to observe changes
on the surface of the different materials due to the bacterial presence
after the antimicrobial test. In others, similar studies with several
bacteria including the Staphylococcus genus, it was found that the cal-
cium aluminate-based endodontic material had good antimicrobial
capability (Leal Silva et al., 2014; Aguilar et al., 2012).
4. Conclusions
A novel CaCO3−Al2O3/Al and CaCO3–Al2O3/Ag ceramic com-
pounds prepared by a solid-state reaction from a natural source of
CaCO3 is feasible using little time in the sintering process. During the
Fig. 6. Fracture toughness of the synthesized materials.
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heating process, CaCO3 from snail shells has a chemical reaction with
Al2O3 producing calcium aluminate - Al and calcium aluminate - Ag.
The calcium aluminate is formed principally by three different phases,
such as CA6: hibonite, CA2: grossite, and CA: krotite. The formation of
the CA6 phase during the sintering process is due to that there being
Al2O3-rich zones or micro-regions in the samples or because there are
punctual zones with least amount of CaO. The CA6 phase does not
appear in the material fabricated with Al and Ag.
Fig. 7. Microstructures by SEM and EDS analysis of the sintered materials without metallic particles and with metallic particles.
Fig. 8. Drop contact angle of the sintered materials.
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Calcium aluminate with Al addition is the material with better
percent densification and Volumetric shrinkage. This same material has
the major fracture toughness value compared with the pure material
and calcium aluminate with Ag. Therefore, calcium aluminate - Al is the
material with the best mechanical fracture conditions due to the effect
of the addition of Al in the system. Although, this material has a dis-
advantage in reference with its antimicrobial conditions compared with
the material with Ag particles.
The results support the idea that Ag particles incorporated into
calcium aluminate ceramic may prevent the development of bacterial
biofilms. The microbiological results indicate that calcium aluminate
material with Ag particles would be useful as materials with anti-ad-
herence activity.
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